In mammalian heart muscle, a small amount of Ca 2ϩ influx (I Ca ] near the Ca 2ϩ release channels in the TS facing the cytoplasmic side of the L-type Ca 2ϩ channels at the "diad" [14] [15] [16]. The local control theory assumes that to grade the TS Ca 2ϩ release depending on I ca and to prohibit regenerative TS Ca 2ϩ release, the Ca 2ϩ release channels open at high levels of cytoplasmic [Ca 2ϩ ] that are attained only by I Ca . However, this assumption makes it difficult to interpret the Ca 2ϩ wave straightforwardly in terms of this theory, since the
influx (I Ca ) through the L-type Ca 2ϩ channel during depolarization of the sarcolemma causes a large amount of Ca 2ϩ release from the terminal sac (TS) of the sarcoplasmic reticulum (SR) via the mechanism of Ca 2ϩ -induced release of Ca 2ϩ (CICR) [1, 2] . In principle, CICR leads to an all-or-none type TS Ca 2ϩ release, since Ca 2ϩ released from the TS raises the free Ca 2ϩ concentration in the cytoplasm ([Ca 2ϩ ] cy ), causing a further release of Ca 2ϩ from the TS. Such regenerative TS Ca 2ϩ release has been thought to underlie the "Ca 2ϩ wave" in which TS Ca 2ϩ release occurs over many sarcomeres in succession [3] [4] [5] [6] [7] . Physiologically, however, TS Ca 2ϩ release is smoothly graded over a wide range of I Ca [8, 9] . To account for the graded TS Ca 2ϩ release, Fabiato [1] suggested a time-and Ca 2ϩ -dependent inactivation of TS Ca 2ϩ release. However, subsequent studies with isolated ryanodine receptors (Ca 2ϩ release channels) suggested that inactivation is, if present, too slow to account for the pattern of physiological TS Ca 2ϩ release [10] [11] [12] [13] . Alternatively, another idea, local control theory, assumes that I Ca transiently raises the cytoplasmic [Ca 2ϩ ] near the Ca 2ϩ release channels in the TS facing the cytoplasmic side of the L-type Ca 2ϩ channels at the "diad" [14] [15] [16] . The local control theory assumes that to grade the TS Ca 2ϩ release depending on I ca and to prohibit regenerative TS Ca 2ϩ release, the Ca 2ϩ release channels open at high levels of cytoplasmic [Ca Key words: heart muscle, sarcoplasmic reticulum, Ca 2ϩ wave, mechanical alternans, Ca 2ϩ -induced Ca 2ϩ -release.
Abstract:
To elucidate the essential features of Ca 2ϩ release from the terminal sac (TS) of the sarcoplasmic reticulum (SR) in heart muscle, a model for Ca 2ϩ release from the TS was constructed based on the mechanism of Ca 2ϩ -induced Ca 2ϩ -release by assuming a small TS volume. For numerical computation, we divided the cytoplasm in a half sarcomere into 50 compartments, one end of which faced the TS and determined the open probability of the Ca 2ϩ release channel in the TS. Ca 2ϩ moves from compartment to compartment by simple diffusion and is taken up from each compartment by the tubular SR via Ca [17] [18] [19] [20] [21] . It is uncertain, however, how such a unit is recruited in graded TS Ca 2ϩ release or whether each unit releases a fixed amount of Ca 2ϩ [22] [23] [24] . Therefore a macroscopic model based on CICR is still helpful for understanding the TS Ca 2ϩ release in heart muscle. So far, the volume of the TS has not been seriously considered when TS Ca 2ϩ release in heart muscle is being interpreted. It is important to consider the smallness of the effective TS volume relative to the volume of the cytoplasm [25] in the case of TS Ca 2ϩ release, since the amount of Ca 2ϩ in the small TS will decrease very rapidly upon the release of Ca 2ϩ . In the present study, taking the small TS volume and [Ca 2ϩ ] gradient in the cytoplasm [26, 27] into account and assuming a regenerative TS Ca 2ϩ release, a model for TS Ca 2ϩ release in heart muscle was constructed based on CICR. A numerical simulation based on the present model showed that a Ca 2ϩ release from TS moderately loaded with Ca 2ϩ is smoothly graded with a change of I Ca , whereas the TS heavily loaded with Ca 2ϩ releases Ca 2ϩ in an all-or-none manner, enabling the propagation of the Ca 2ϩ wave. The graded TS Ca 2ϩ release was produced with either local or uniform I ca to the cytoplasm. Furthermore, mechanical alternans, characterized by an alternation of small and large twitches and produced experimentally by stimulating heart muscle at high frequency from rest at low extracellular [Ca 2ϩ ] [28] [29] [30] , was simulated based on the present model. The effects of changing the values of parameters used in the present study were also examined. A preliminary account of the present model has been presented at an international symposium [31] .
MODELING
The Ca 2ϩ gradient is formed from the cytoplasmic surface of the TS toward the middle of the sarcomere [26] 
where ␣ is a constant concerned with conversion from the quantity to the concentration of Ca 2ϩ . Bassani et al. [32] reported that more than 90% of Ca 2ϩ released from the TS is taken up by the tubular SR through Ca 2ϩ -pumps and the rest mainly by the sarcolemmal Na ϩ /Ca 2ϩ exchanger. For simplicity, we assumed that all the Ca 2ϩ released from the TS is taken up by the tubular SR. The velocity of the Ca 2ϩ uptake () is described by the following equation,
where V max is the maximum uptake velocity, K m the [Ca 2ϩ ] at ϭ(1/2)V max , and n the Hill coefficient.
SIMULATION
For the present purposes, a one-dimensional diffusion of Ca 2ϩ along the length of the sarcomere is assumed. The cytoplasm in a half sarcomere is divided into 50 compartments, which are numbered sequentially from the level of the Z-line toward the middle of the sarcomere so that each compartment is 20-nm long (Fig.  1) . The first compartment faces the TS, so that the opening of the Ca 2ϩ release channels in the TS is regulated by [Ca 2ϩ ] in the first compartment ([Ca 2ϩ ] 1 ). Then,
where subscripts designate compartments, ␤ is a constant related to the diffusion of Ca 2ϩ and V 1 and V ts the volumes of the first compartment and the TS, respectively. The value of ␤ was determined by the use of formulae derived for diffusion in a finite system with simple geometry (see APPENDIX) . Ca 2ϩ in the 2nd-50th compartments is taken up by the Ca 2ϩ pump in the tubular SR at a rate of (Eq. 4). Ca 2ϩ taken up by the tubular SR is not available for the ongoing Ca 2ϩ release. For the i compartment (1ϽiϽ50), therefore,
For the 50th compartment,
A numerical computation was made for [Ca 2ϩ ] in each compartment for every unit of time (10 s), using Eqs. 2-7 with the parameters listed in Table 1 unless otherwise stated. TS Ca 2ϩ release is initiated by introducing I Ca with a time course similar to that during an action potential in rat ventricular muscle [33], i.e., I Ca increases linearly during the initial 5 ms, followed by a linear decrease to zero level during the subsequent 20 ms (Fig. 2A) . Unless otherwise stated, such I Ca with a triangular shape was introduced uniformly to all compartments. The value of I Ca is expressed as an integral of I Ca per compartment during the initial 25 ms.
RESULTS

[Ca
2؉
] gradient in sarcomere Figure 2 ] along the compartments after the onset of I Ca is shown in Fig. 2C and D, revealing a steep [Ca 2ϩ ] gradient from the 1st to 50th compartments around the peak of the c1 curve, i.e., during the initial several tens of ms, in agreement with a previous report [26] .
Effects of parameters
The main simulations of TS Ca 2ϩ release were made by using the parameters (standards) listed in Table 1 . The standards were selected by trial and error to obtain satisfactory simulations. For an understanding of the degree of contribution of each of the parameters to the results, it is worthwhile to show some examples of TS Ca 2ϩ release when the value of one of the parameters is changed around the standard. For this purpose, a TS Ca 2ϩ release with 1 mM [Ca 2ϩ ] tsl at I Ca of 0.625 M under the condition in which the value of any one of the parameters is varied around the standard is shown in the following. k on and k off . As shown in Fig. 3A , an increase of k on from the standard of 1.5 to 2.0ϫ10 8 Figure 4A shows the effect of changing V max on TS Ca 2ϩ release. Little TS Ca 2ϩ release occurred when V max was one order of magnitude lower than the standard, and nearly all the Ca 2ϩ was released from the TS when V max was one order of magnitude higher than the standard. As K m increased from 0.14 to 0.70 M in 0.14-M steps, the TS Ca 2ϩ release increased gradually as shown in Fig. 4B .
␤. Since ␤ is the rate for diffusion from one compartment to another, an increase of ␤ causes a rapid loss of Ca 2ϩ from the first compartment by diffusion to the second compartment. This results in a rapid lowering of the [Ca (Fig. 7) . In the range of [Ca 2ϩ ] tsl where regenerative TS Ca 2ϩ release is significant, i.e.,
Model for Cardiac EC Coupling
Fig. 4. Effects of (A) V max and (B) K m on TS Ca
2؉ release. V max ϭ0.005, 0.05, and 0.5 mM s Ϫ1 in A, and K m was changed from 0.14 to 0.70 M by 0.14-M steps in B from bottom to top for the c1 and av curves and in the reverse order for the tsl curves. ] tsl and decreased with an increase of I Ca (Fig. 7A) (Fig. 7B) . This result qualitatively resembles previously reported experimental results [34] .
Localized I Ca
The foregoing simulation was made based on the assumption that I Ca raises [Ca 2ϩ ] in every compartment uniformly. Since the local control theory claims that I Ca raises the [Ca 2ϩ ] only in the diadic cleft sandwiched by the sarcolemma and the TS membrane, the effect of localized I Ca on TS Ca 2ϩ release was examined by introducing I Ca to limited compartments in the present model. In the case of local I Ca , Ca 2ϩ moves very rapidly by diffusion from the compartments into which I Ca was introduced compared to other compartments without I Ca . Therefore [Ca 2ϩ ] 1 , which is the main determinant of TS Ca 2ϩ release, should be increased at a rate higher than that of a loss of Ca 2ϩ to initiate effective TS Ca 2ϩ release. Figure 8 shows the response of the TS with [Ca 2ϩ ] tsl ϭ1 mM to I Ca introduced only to the 1st compartment in A and to the 1st-10th compartments in B (see also 
Mechanical alternans
Mammalian heart muscle exhibits mechanical alternans, which is characterized by an alternation of large and small twitches when the muscle is stimulated at a proper frequency [28] . To examine if a similar mechanical alternans is produced in rat papillary muscle, we isolated papillary muscle from the rat right ventricle and recorded the twitch forces by using a technique similar to that described previously [34] . Mechanical alternans was produced when rat papillary muscle was stimulated at a high frequency from rest, especially with low extracellular [Ca 2ϩ ], as shown in Fig. 9A .
For a simulation of mechanical alternans with the present model, the rate of replenishment of Ca 2ϩ in the TS must be supplied. Since short-term mechanical restitution is approximated by a monoexponential function [ ] at the beginning of replenishment. Figure 9B shows two examples of the change of [Ca 2ϩ ] av resulting from a TS Ca 2ϩ release triggered by low I Ca at frequencies similar to those used for the force records shown in Fig. 9A. An alternation of the magnitude of the [Ca 2ϩ ] av transient is more prominent at higher trigger frequency (right-hand record in Fig. 9B ), as in the force records shown in Fig. 9A (right-hand record) . Figure 9C shows the dependence of TS Ca 2ϩ release on [Ca ] av transient becomes unclear (left-hand record in Fig. 9B ). Note a similar dependence of the form of variation of the magnitude of twitches (Fig. 9A) and [Ca 2ϩ ] av transients (Fig. 9B ) on their frequency.
Ca
2؉ wave
During a propagation of the Ca 2ϩ wave, Ca 2ϩ released from a TS diffuses over adjacent sarcomeres and triggers a Ca 2ϩ release from other TSs, leading to successive Ca 2ϩ release from separated TSs. For a simulation of the Ca 2ϩ wave, five 2-m-long sarcomeres with TSs at both ends of each sarcomere were aligned in series (upper inset in Fig. 10 ). ] av transient ( Fig. 10A and B) . A further decrease of [Ca 2ϩ ] tsl to, for example, 1.0 mM greatly reduced the magnitude of the [Ca 2ϩ ] av transient, resulting in a termination of the propagation of the [Ca 2ϩ ] av transient among sarcomeres (Fig. 10C) ] av change simulated in this paper resembles that reported previously (Fig. 7, compared with Fig. 5 in Tameyasu et al. [34] ). The graded TS Ca 2ϩ release was reproduced with both local and uniform I Ca (Figs.  6C and 8) . So the localization of I Ca is not a critical factor for graded TS Ca 2ϩ release in the present model. In cardiac cells, only a small part of the transverse tubule is attached via the TS forming the diad, with the remaining part of the tubule exposed to the cytoplasm [36] . Therefore it is possible that I Ca through parts of the transverse tubule other than the diad contributes to triggering CICR from the TS by raising [Ca 2ϩ ] in the bulk cytoplasm, besides the effect of I Ca through the transverse tubule at the diad. I Ca through the surface membrane may also raise [Ca 2ϩ ] in the bulk cytoplasm in the sarcomeres facing the surface membrane, contributing to the triggering of CICR from the TS. The distribution and density of the L-type Ca 2ϩ release channels would determine the importance of I Ca in areas other than the diad for triggering CICR from TS.
In the present model, the rate of Ca 2ϩ release from TS is regulated by both [Ca 2ϩ ] tsl and [Ca 2ϩ ] 1 in a complex manner. The rate of reduction of [Ca 2ϩ ] tsl during TS Ca 2ϩ release is affected greatly by the volume of TS. In regard to TS volume, Page and McAllister [25] have obtained a value of 0.0035 for V ts /V cy from morphometric measurements. Taking the condition of sectioning of TS for an electron microscopy into account, a more reasonable value for V ts /V cy may be about 0.0045 [37] . A value of 0.005 for V ts /V cy used in the present study is close to this value. A decrease of the V ts /V cy value from 0.005 slightly reduced TS Ca 2ϩ release, and its increase especially to more than 0.01 not only prolonged but also greatly enhanced TS Ca 2ϩ release (Fig. 5B) . In the present model, which does not assume any inactivation of the Ca 2ϩ release channels, the larger the TS volume, the greater the total amount of TS Ca 2ϩ release. The graded nature of TS Ca 2ϩ release is eventually lost at a large TS volume in such models as the present one. In this connection, Stern [14] has shown theoretically that TS Ca 2ϩ release occurs in an all-or-none manner in such classic common pool models that do not assume either inactivation of the Ca 2ϩ release channels or Ca 2ϩ gradient in the cytoplasm. His conclusion may be altered if both the smallness of TS volume and the Ca 2ϩ gradient in the Model for Cardiac EC Coupling (Fig. 6 ). These characteristics of the TS Ca 2ϩ release are the basis for the Ca 2ϩ wave, since the Ca 2ϩ wave terminates in sarcomeres with the TS moderately loaded with Ca 2ϩ (Fig. 10C) . The velocity of the Ca 2ϩ wave would be determined mainly by the delay in the Ca 2ϩ release between TSs separated by the distance between Zbands, i.e., about 2 m. If this is really so, the present model predicts that the rate of increase of [Ca 2ϩ ] av transient and the speed of the resulting contraction at the sarcomere level are smaller in the Ca 2ϩ wave than the physiological twitch, since the [Ca 2ϩ ] av transient in a sarcomere is affected by the Ca 2ϩ released from the TSs at both ends of the sarcomere (Fig. 10) ; this is shown by a hump in the rising phase of the [Ca 2ϩ ] av transient. This agrees with our previously reported findings [7] . On the other hand, Cheng et al. [5] , if present, and free Ca 2ϩ in the TS. Therefore it is reasonable to assume that Ca 2ϩ exists functionally in the ionic form in the TS.
Inactivation of Ca 2؉ release channel (ryanodine receptor). Fabiato [1] reported that in rat ventricular cells, the TS Ca 2ϩ release in response to a given trigger [Ca 2ϩ ] is diminished by the pretreatment of the cell with a high [Ca 2ϩ ] solution for a very short period and suggested that time-and Ca 2ϩ -dependent inactivation of the TS Ca 2ϩ release occurs. However, subsequent studies showed that the inactivation, if present, is too slow to account for the physiological TS Ca 2ϩ release [10] [11] [12] [13] . In Fabiato's experiments, to expose the cell to high [Ca 2ϩ ] for a very short period, a high [Ca 2ϩ ] solution was applied to the cell through a pipette, followed by sucking with another pipette after a very short delay. Since the present simulation suggests that the response of the TS to I Ca changes markedly with a small change of [Ca 2ϩ ] tsl (cf. TS Ca 2ϩ release/storage with [Ca 2ϩ ] tsl ϭ1.0 and 1.1 mM at I Ca ϭ0.5 M in Fig. 6C ] av transient and the resulting twitch is evoked in heart muscle when it is stimulated from rest at high frequency, especially at low extracellular [Ca 2ϩ ] (Fig.  9A) [28, 30] . The successful simulation of mechanical alternans in the present study suggests a new possibility for the origin of the mechanical alternans; i.e., mechanical alternans may be due to a sigmoid increase of the amount of TS Ca 2ϩ release with an increase of the Ca 2ϩ content in the TS. Relation to local control theory. The local control theory assumes that TS releases Ca 2ϩ in response to such the high [Ca 2ϩ ] as formed only by I Ca through the sarcolemmal L-type Ca channels facing the TS membrane [14] [15] [16] . Thus the local control theory does not predict regenerative TS Ca 2ϩ release, i.e., TS Ca 2ϩ release terminates when I Ca stops. In contrast, the present model predicts regenerative Ca 2ϩ release from the TS. The prediction of both regenerative and graded TS Ca 2ϩ release is unique to the present model.
Conclusions. This study was not intended to provide a perfect simulation of some special features of the TS Ca 2ϩ release, but rather to provide a general model based on CICR for understanding various aspects of the TS Ca 2ϩ release in heart muscle. The model used in this study gave interpretations of both graded and all-or-none type responses of the TS without ad hoc assumptions. Therefore the present model is helpful for understanding the regulation of heart muscle contraction, though it makes some oversimplified assumptions, such as ignoring Ca 2ϩ binding proteins in the cytoplasm and in the small k off . It will be worthwhile, by extending the present model, to construct a more sophisticated model that will include in-teraction between the Ca 2ϩ and Ca 2ϩ binding proteins in the cytoplasm and that will use more realistic parameter values. 
APPENDIX
Formulation for diffusion in a finite system Factor ␤, related to a diffusion of Ca 2ϩ between compartments in Eqs. 5 and 6, was determined by using formulae derived for diffusion in a finite system with simple geometry, as shown in Fig. 11 [41] . Here it is assumed that the diffusion gradient is parallel to the x axis. Then, according to Fick's law of diffusion,
where (dQ s /dt) x is the quantity of solute S diffusing per unit of time across a plane with area A at a distance x from the initial boundary where xϭ0, D is the diffusion coefficient of S and ϪdC s /dx is the decrease in concentration per unit increase in x. The integral form of Eq. A1 is
where yϭx/2 , C s,x,t is the concentration of S at point x at time t, and C s,0 is the concentration of S in the original solution. The expression (2/ ) exp(Ϫy 2 )dy is the error function and is symbolized by "erf(y)." Equation A2 is then rewritten as C s,x,t ϭ(C s,0 /2){1Ϫerf(x/2 )}.
As t approaches infinity, x/2 approaches 0, {1Ϫ
erf(x/2 )} approches unity, and C s,x,t approaches C s,0 /2. Therefore, C s,x,∞ ϭC s,0 /2 (A4)
Combining Eqs. A3 and A4 by eliminating C s,0 and rearranging, the following is obtained. 1Ϫ(C s,x,t /C s,x,∞ )ϭerf(x/2 ).
The fraction C s,x,t /C s,x,∞ is the fraction of the final equilibrium concentration at point x, which has been attained at time t. For any particular C s,x,t /C s,x,∞ , the numerical value for x/2 is obtained from a 
